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応過程を捉えるためには、１本鎖 DNA (ssDNA) を可視化する必要がある。しかし、
YOYO-1やSYTOX Orangeなどのインターカレーター型蛍光色素はDNAの２本鎖領域を
染色できるが、１本鎖領域は染色できない。そこで、本研究では ssDNA 結合能を持つ
Replication Protein A (RPA) の 70-kDaサブユニットと黄色蛍光タンパク質 (YFP) との
融合タンパク質である蛍光 ssDNA結合タンパク質 (RPA-YFP) と組換えタンパク質RecA
の ssDNAに結合可能なペプチドに化学的に蛍光化合物を修飾した蛍光 ssDNA結合ペプチ




次に、私は RPA-YFPによる ssDNAの可視化技術を適用することで、鋳型 DNA１分
子の ssDNA 領域を合成する DNA 合成酵素クレノウ断片 (3’-5’Exo–) の進行過程を捉え、
DNA 合成反応を１分子レベルにて解析した。実験の結果、DNA 合成反応の間、DNA 合
成酵素の進行に伴い ssDNA領域から RPA-YFPが解離すること、鋳型 DNAの形態を伸張
状態とランダムコイル状態に制御したときのDNA合成酵素によるDNA合成反応の速度が
91 塩基/秒 (伸張状態) と 52 塩基/秒 (ランダムコイル状態) であること、DNA の形態が
DNA合成反応の速度に影響を与えることを明らかにした。 
さらに、本研究は DNA 複製や修復に重要な役割を果たす DNA 分解酵素 T7 
Exonuclease (T7 Exo) を用いて、T7 Exoによる DNA分解反応を 1分子レベルにて直接
観察した。実験の結果、T7 Exoによる DNA分解反応の過程は DNA１分子の dsDNA領
域と ssDNA 領域と染め分けながら直接観察することにより捉えることができること、T7 
Exo１分子が DNA１分子に結合することによって分解し、さらに、T7 Exoが解離する T7 















るために、負の超らせん状態下での SV40ラージ T抗原 (SV40複製開始と DNAヘリカー
ゼの機能を合わせ持つ複製因子) による DNA鎖巻き戻し反応の直接観察を試みた。実験の












Dynamic analyses of DNA metabolic enzymes and  





This doctoral thesis entitled as “Dynamic analyses of DNA metabolic enzymes and effects of 
DNA supercoiling on the initiation of DNA replication by single-molecule observations” described 
mainly two subjects. One is direct single-molecule observations of dynamic characteristics for DNA 
and DNA metabolic enzymes. The other is effects of negative supercoiling on the regulation of the 
initiation of DNA replication. Several millions of molecules have been subjected to conventional 
biochemistry and molecular biology analytical methods such as agarose gel electrophoresis and 
two-dimensional gel electrophoresis. The results obtained are averages for a large number of 
molecules. However, the actual behaviors of individual biomolecules and the elementary processes 
of DNA metabolic reactions, such as binding and dissociation rates of DNA metabolic enzymes, 
have not been adequately elucidated using their analytical methods. Such problems can be solved 
by visualizing the actual behaviors of individual biomolecules and the elementary processes of 
DNA metabolic reactions in single-molecule level. Thus, this studies have carried out by direct 
observations for the reaction processes of a DNA synthesis and DNA digestion, and an initiation of 
DNA replication under a negative supercoil state of DNA. 
In this study of chapter 3, I developed two labeling methods for the direct observation of 
single-stranded DNA (ssDNA), using a ssDNA binding protein and a ssDNA recognition peptide. 
The first approach involved a protein fusion between the 70-kDa ssDNA-binding domain of 
replication protein A and enhanced yellow fluorescent protein (RPA-YFP). The second method 
used the ssDNA binding peptide of Escherichia coli RecA labeled with Atto488 (ssBP-488). The 
labeled single ssDNA molecules with RPA-YFP and ssBP-488 were visualized over time in 
microflow channels, and furthermore, the RPA-YFP-ssDNA complexes were much more flexible 
than the rigid ssBP-488-ssλDNA complexes. These results characterize the two labeling methods by 
observing the dynamic behaviors of single ssDNA molecules in microflow channels. 
In this study of chapter 4, I directly observed a DNA synthesis reaction as a template single 
ssDNA labeled with RPA-YFP under a stretched and a random coiled states via buffer flow in 
microflow channels, and applied to analysis of DNA synthesis reaction by the Klenow Fragment 
(3’-5’ exo–). Because the Klenow Fragment (3’-5’ exo–) lacks both 5’-3’ and 3’-5’ exonuclease 
activities, DNA digestions due to the exonuclease activities of the DNA polymerase was negligible. 
The obtained results successfully visualized the DNA synthesis reactions under a stretched and a 
random coiled states, and their rates were estimated to be 91 bases/sec and 52 bases/sec. In addition, 
the DNA synthesis reaction rate under the stretched state was approximately 75% higher than that 
under random coiled state. The DNA synthesis reaction of the Klenow fragment (3’-5’exo–) was 
promoted by DNA stretching with buffer flow. 
In this study of chapter 5, I directly observed T7 Exonuclease (T7 Exo) DNA digestion 
reactions by staining double-stranded DNA (dsDNA) regions with SYTOX Orange and staining 
ssDNA regions with ssBP-488. Furthermore, DNA digestion reactions were directly observed both 
under pulse-chase conditions and under continuous buffer flow conditions with T7 Exo. These 
obtained results successfully visualized the DNA digestion reactions, and the average rate and 
processivity were estimated to be 5.5 bases/sec and 5882 bases. Thus, the labeled ssDNA 
visualization method by ssBP-488 was an effective analytic method for investigating DNA 
metabolic processes. 
In this study of chapter 3~5, direct observations of DNA metabolic reactions were carried out 
for both random coil and stretched DNA molecules. For further analysis to reflect of chromosomal 
DNA in cell nucleus, a supercoil was induced to linear DNA. In this study of chapter 6, I developed 
a manipulation system to control the superhelicity of single linear DNA molecules using a 
fluorescent microscope equipped with magnetic tweezers in a flow cell. Using the developed 
system, I investigated effects of a negative supercoil on the local denaturation of the DNA double 
helix in single-molecule level. As a results, the local denaturation of λDNA and SV40ori-λDNA 
under negative supercoil states was induced at an A+T-rich region in the λ replication origin of 
λDNA and an A+T-rich sequence in the SV40 replication origin of SV40ori-λDNA, respectively. 
The probability of occurrence of the local denaturation increased with negative superhelicity for 
both λDNA and SV40ori-λDNA. These results suggested that the induction of local denaturation 
under negative supercoil states is involved in regulating the initiation of DNA replication. 
In this study of chapter 7, I investigated effects of negative supercoiling on the unwinding 
activity of Simian Virus 40 (SV40) Large Tumor Antigen (TAg) at the single-molecule level. 
Supercoiling density in linear DNA templates was controlled using magnetic tweezers and 
monitored using a fluorescent microscope in the flow cell. DNA unwinding by SV40 TAg under 
relaxed and negative supercoil states was analyzed by direct observation of both single- and 
double-stranded regions of single DNA molecules. A higher negative superhelicity stimulated DNA 
unwinding by SV40 TAg more than a relaxed state, and furthermore, a negative superhelicity was 
associated with increased probability of DNA unwinding by SV40 TAg. These results suggest the 
involvement of negative superhelicity in regulating the initiation of DNA replication. 
In various aspects of biological phenomena, these developed single-molecule analysis 
techniques will be powerful methods for providing new insights into the elementary processes of 
DNA metabolic reactions and the physiological roles of supercoiling on the regulations of DNA 
metabolic reactions, such as DNA replication, repair and recombination.  
